Between-person differences in cognitive performance in older age are associated with variations in physical activity. The neurotransmitter dopamine (DA) contributes to cognitive performance, and the DA system deteriorates with advancing age. Animal data and a patient study suggest that physical activity modulates DA receptor availability, but data from healthy humans are lacking. In a cross-sectional study with 178 adults aged 64-68 years, we investigated links among self-reported physical activity, D2/D3 DA receptor (D 2/3 DR) availability, and cognitive performance. D 2/3 DR availability was measured with [ 11 C]raclopride positron emission tomography at rest. We used structural equation modeling to obtain latent factors for processing speed, episodic memory, working memory, physical activity, and D 2/3 DR availability in caudate, putamen, and hippocampus. Physical activity intensity was positively associated with D 2/3 DR availability in caudate, but not putamen and hippocampus. Frequency of physical activity was not related to D 2/3 DR availability. Physical activity intensity was positively related to episodic memory and working memory. D 2/3 DR availability in caudate and hippocampus was positively related to episodic memory. Taken together, our results suggest that striatal DA availability might be a neurochemical correlate of episodic memory that is also associated with physical activity.
Introduction
Cognitive performance and its underlying brain structures and functions deteriorate in old age, although there are considerable differences between individuals (Lindenberger, 2014; Nyberg et al., 2012; R€ onnlund et al., 2005) . These differences may partly be due to lifestyle factors such as physical activity. Positive associations between habitual physical activity and cognitive performance have been observed in numerous observational studies (Bauman et al., 2016; Blondell et al., 2014; Boraxbekk et al., 2016; Memel et al., 2016; Prakash et al., 2015; Sofi et al., 2011; Willey et al., 2016) . These findings are substantiated by results from intervention studies that have documented positive effects of exercise on cognitive performance in healthy elderly persons (Ahlskog et al., 2011; Carvalho et al., 2014; Düzel et al., 2016; Jonasson et al., 2016; Liu-Ambrose et al., 2008; Maass et al., 2015 ; P. J. Smith et al., 2010; Voss et al., 2014 ; but see Young et al., 2015) as well as in dementia patients (Farina et al., 2014; Groot et al., 2016; Heyn et al., 2004 ; but see Forbes et al., 2014) . Thus, between-person differences in physical activity may partly account for differences in cognitive performance in aging. However, a number of important questions need further exploration, such as the relative importance of intensity and frequency of physical activity and the biological mechanisms that link physical activity to cognition.
Several intervention studies have shown that physical exercise affects the brain's structural integrity, with most evidence obtained for greymatter volume (Colcombe et al., 2006; Erickson et al., 2011; Kleemeyer et al., 2016; Niemann et al., 2014) , and with less evidence for white-matter volume (Colcombe et al., 2006; Erickson et al., 2014; Voelcker-Rehage and Niemann, 2013; Voss et al., 2013) . Observational studies suggest that self-reported physical activities are positively related to grey matter volume, most consistently so to frontal (Fl€ oel et al., 2010; McEwen et al., 2015; Rovio et al., 2010; Walhovd et al., 2014) and hippocampal (B. M. Brown et al., 2014; Demirakca et al., 2014; Killgore et al., 2013) volume.
Physical exercise also affects the brain's neurotransmitters, especially monoamines such as DA (Lin and Kuo, 2013) . Acute effects of exercise on increased release of DA in striatum have been shown in rodents (Meeusen et al., 1997) , but did not replicate in a study on humans (Wang et al., 2000) . Also effects of long-term exercise regimes have been reported in rodents; an early study found enhanced [ 3 H]spiperone binding at D 2/3 DR's in striatal post-mortem tissue of rats that had completed a 12 weeks of motorized treadmill training as compared to non-training rats (Gilliam et al., 1984) . Furthermore, endurance training increased D 2 DR receptor density in striatum of rodents in another study using the same marker and measuring DA levels and metabolites (MacRae et al., 1987) . A recent study in rats demonstrated that the beneficial effect of voluntary exercise on learning was disrupted by infusion of a D 2 -antagonist into the striatum (Eddy et al., 2014) , suggesting D 2 receptor-dependent signalling in striatum as a mediator of exercise-related effects on cognition in these animals. Also, cortical levels of DA are elevated after four weeks of running-wheel exercise in wild-type rats, but not in animal models of Huntington's disease in which the DA system is disrupted (Renoir et al., 2011) . Animal studies of Parkinson's disease (PD) have shown that exercise decreases PD symptoms and counteracts the detrimental effects of neurotoxins that are used to induce the disease in the animal models (Gerecke et al., 2010; Mabandla et al., 2004; Tajiri et al., 2010; Yoon et al., 2007) . In line with this pattern, a recent exercise intervention study in humans documented increased D 2/3 DR BP ND in abstinent methamphetamine users that completed an 8-week exercise training program (n ¼ 10) as compared to a control group (n ¼ 9) with the same diagnose residing in the same treatment facility (Robertson et al., 2016) . This study suggests that striatal dopaminergic deficits related to methamphetamine addiction might be ameliorated by physical exercise. Epidemiological studies have found associations between physical activity and reduced risk for PD (Xu et al., 2010; Chen et al., 2005; Thacker et al., 2008) , suggesting a protective effect of physical activity.
Moreover, because DA is involved in human higher-order cognitive functions, such as episodic memory (B€ ackman et al., 2011; B€ ackman et al., 2010; B€ ackman et al., 2006; Cervenka et al., 2008; Lisman et al., 2011; Nyberg et al., 2016; Shohamy and Adcock, 2010) and working memory (Cools & D'Esposito, 2011; Liggins, 2009; Takahashi, 2013; Takahashi et al., 2008) , beneficial effects of physical activity on cognitive performance may be related to the effects of physical activity on DA functioning. In a previous publication using data from the Cognition, Brain, and Aging (COBRA) study, we observed, in a large age-homogeneous sample with 181 participants, that D 2/3 DR availability in caudate nucleus and hippocampus is related to episodic memory performance , extending previous findings from smaller studies with age-heterogeneous samples.
The dose-response patterns regarding intensity, frequency, and duration are not yet sufficiently characterized (Prakash et al., 2015; Young et al., 2015) . In observational studies, both frequency and intensity of physical activity have been associated with cognitive performance. Some studies report associations with frequency of light-intensity physical activities (e.g. Johnson et al., 2016; S. Lee et al., 2013) , some with mild-to-moderate-intensity activities (e.g. Geda et al., 2010; Makizako et al., 2015) , some with frequency of moderate-to-vigorous activities (e.g. B. M. Brown et al., 2012; Kerr et al., 2013) . Only few studies examined physical activity intensity independently from frequency and report associations with cognition (Angevaren et al., 2010; Angevaren et al., 2007; B. M. Brown et al., 2012; van Gelder et al., 2004) .
Given the involvement of DA in cognition, and the likely presence of positive effects of physical activity on cognitive performance, possibly through enhanced DA integrity, we investigated the correlative triad of physical activity, DA, and cognition in healthy older humans. We assessed D 2/3 DA receptor (D 2/3 DR) availability with positron-emission tomography (PET) using the radiotracer [ 11 C]raclopride that is typically used for D2-assessment in striatum, but has also been used for hippocampal D2-assessment in the COBRA study . In the present study, we examined on 178 participants of the COBRA study (Nevalainen et al., 2015) , whether frequency and intensity of habitual physical activity are associated with episodic memory and with D 2/3 DR availability in caudate, hippocampus, but also putamen. In addition, we examined associations of physical activity to working memory and perceptual speed, even though performance in these domains were not related to D 2/3 DR availability in previous analyses of our data .
Methods
The design, recruitment procedure, imaging protocols, cognitive tests, and questionnaires used in the COBRA project have been reported elsewhere (Nevalainen et al., 2015) . Here we only describe the methodological details that are directly relevant to the results of the current study. The study was approved by the local Ethical and Radiation Safety Committee of Umea, Sweden, and all participants provided signed written informed consent before participation.
Participants
In COBRA, 181 healthy, older individuals (64-68 years; mean: 66.2, standard deviation: 1.2; 81 women) were randomly selected from the population register of Umeå in northern Sweden. Eligible were persons without pathological deviations in brain and cognitive functions, or circumstances that could bias task performance or obstruct imaging sessions (e.g., metal implants). The study participants had a lower prevalence of hypertension than reported for the Swedish population (Carlsson et al., 2008) , and normal or slightly higher body-mass index (>30 in 14.4% of the participants). According to nation-wide panels, 60,1% of 55-64 year-old and 58,2% of 65-74 year-old persons report engaging in physical activities comparable with going for a walk for at least 6 h a week (Statistics Statistics-Sweden, 1999) . In COBRA, 75,14% reported to engage for at least 6 h a week in physical activity (walking, bicycling, jogging, strength training, sports), thus suggesting that our participants are relatively active (see Table 2 ).
Data for 3 individuals were excluded. These were persons with imperfect segmentation of magnetic resonance images and PET/MR image coregistration (n ¼ 2), as well as deviant brain structure (n ¼ 1). Thus, the effective sample included 178 participants ( Table 1) .
The timing of the assessments was as follows: Participants came to the laboratory on two non-consecutive days (mostly two days in between testing, for n ¼ 32 more than 2 days were in-between). At the first day, participants performed a part of the cognitive testing, underwent structural and functional MRI scanning. Between the two days, they filled out a questionnaire on socio-demographic, personality, and lifestyle variables. At the second day of assessment, participants completed cognitive testing, medical anamnesis, testing of physical parameters and finally underwent a PET scan (Nevalainen et al., 2015) .
Physical activity questionnaire
We used an activity questionnaire designed for the purpose of the COBRA study and tailored to life in northern Sweden. This questionnaire included 43 activities, chunked into the categories of intellectual, physical, and social activities. Participants were asked to indicate for how many hours (options: 1-14 h with 1-h increments, or 15 þ hrs) they would engage in each of the activities during a typical summer week. Summer was taken as a reference season because the opportunities for various kinds of activities differ largely across seasons in northern Sweden. For the purpose of the present study, we focused on physical activities (see questionnaire in supplementary material), and in particular on those activities that are purely physical and that individuals are sufficiently engaged in (each of these activities were performed by at least 20% of the participants at least once a week): walking, bicycling, jogging, strength training, and sports. In addition to how often each activity was performed, it was asked how physically demanding it would normally be to perform the activity in question (on a scale from 1 ¼ "not at all" to 5 ¼ "extremely"). The mean self-rated intensity in these activities correlated (r ¼ 0.50, p < .001) with the vigorous activity score (minutes/ week in vigorous activities) from the well-validated International Physical Activity Questionnaire (IPAQ; Craig et al., 2003) in participants from another study (Jonasson et al., 2016) in the same geographical area (n ¼ 62; mean age ¼ 68.7 years, sd ¼ 2.7). This suggests that self-rated intensity in our study largely reflects how vigorously a person engaged in a given activity.
Cognitive testing
Cognitive abilities (episodic memory, working memory, and perceptual speed) were measured with three tasks each (a verbal, a numerical, and a figural task). Episodic memory ability was assessed with word recall, number-word recall, and object-position recall; working memory was measured with letter-string updating, numerical 3-back, and spatial updating; and perceptual speed was assessed with letter comparison, number comparison, and figure comparison (see Nevalainen et al., 2015, for details) . For each task, we computed summary scores across the total number of blocks or trials. These summary scores were then standardized (T score: mean ¼ 50; SD ¼ 10). ) were reconstructed with the iterative algorithm VUE Point HD SharpIR (GE; 6 iterations, 24 subsets, 3.0 mm post filtering; Bettinardi et al., 2011) , yielding a full width at half maximum resolution of approximately 3.2 mm (Wallsten et al., 2013 ). An individually fitted thermoplastic mask was attached to the bed surface to minimize head movements during the PET/CT imaging session.
PET imaging

Structural MRI
High-resolution anatomical T1-weighted images were acquired by a 3D fast spoiled gradient-echo sequence in a 3T magnetic resonance camera. Images consisted of 176 slices, with thickness ¼ 1 mm. TR ¼ 8.2 ms, TE ¼ 3.2 ms, flip angle ¼ 12 , and field of view ¼ 25 Â 25 cm.
DTI imaging
White-matter microstructure was examined with diffusion tensor imaging (DTI), collected on a 3T Discovery MR750 (General Electrics, WI, US) with a 32-channel head coil. A single-shot, spin-echo-planar T2-weighted sequence was applied, using 3 repetitions and 32 independent directions. The total slice number was 64, with a TR of 8000 ms, a TE of 84.4 ms, a flip angle of 90 , a field of view of 25 Â 25 cm, and with b ¼ 1000 s/mm2. Note. a) Number of persons reporting to engage at least 1 h/week in each activity. b) Absolute number of participants choosing this answer category, only counting rating answers from participants who reported to engage at least 1 h/ week in the respective activity.
Cerebral blood flow
Blood flow and perfusion were assessed with 3D pseudo-continuous arterial spin labeling with background suppression and a spiral acquisition scheme. Labeling time 1.5 s, post labeling delay time ¼ 1.5 s, field of view ¼ 24 cm, slice thickness ¼ 4 mm, and acquisition resolution ¼ eight arms by 512 data points, with three signal averages. Perfusion maps were calculated to obtain cerebral blood flow in ml/100 g/min. For ROI definition, see volumetric MRI analyses below.
PET data analyses
PET scans were corrected for head movements, and co-registered to the corresponding MRI image using Statistical Parametric Mapping software (SPM8; Ashburner et al., 2013) . D 2/3 DR binding potential to non-displaceable tissue uptake (BP ND ) was calculated with Logan analysis (Logan et al., 1996) based on time-activity curves for caudate, putamen, PFC, hippocampus and cerebellum. Grey matter regions were segmented using FreeSurfer and the Desikan-Killiany Atlas (Fischl et al., 2004) . For each hemisphere, PFC as a ROI was defined as the mean across the following ROIs in the atlas: superior frontal, lateral orbitofrontal, rostral middle frontal, caudal middle frontal, pars opercularis, pars triangularis, pars orbitalis, medial orbitofrontal. Grey matter in cerebellum was used as a reference region due to its negligible D 2/3 DR expression (Camps et al., 1989; Farde et al., 1986; Levey et al., 1993) .
Volumetric MRI analyses
Brain segmentation was performed using FreeSurfer 5.3 (http:// surfer.nmr.mgh.harvard.edu; Fischl et al., 2002; Fischl et al., 2004; Han and Fischl, 2007) . When necessary, striatal volumes were manually corrected in FreeSurfer's Voxel Edit mode.
DTI data analysis
The diffusion-weighted data were analyzed using the University of Oxford's Center for Functional Magnetic Resonance Imaging of the Brain (FMRIB) Software Library (FSL) package (http://www.fmrib.ox.ac.uk/ fsl). The full details of DTI data analyses (using the identical imaging parameters but on a different sample) were given elsewhere (Salami et al., 2012) . In short, the three-subject-specific diffusion acquisitions were concatenated in time followed by eddy current correction to correct for head motion and eddy current distortions. Accordingly, the b-matrix was reoriented based on the transformation (Leemans and Jones, 2009 ). We created a binary brain mask with the Brain Extraction Tool (BET; S. M. Smith, 2002) on the first b ¼ 0 and fitted a diffusion tensor with DTIfit (S. M. Smith et al., 2004) to each voxel to yield voxel-wise maps of fractional anisotropy (FA). We then used Tract-Based Spatial Statistics (TBSS; S. M. Smith et al., 2006) . FA images were normalized to the most typical subject of the entire sample and then affine-aligned into 1Â1 Â 1 mm 3 MNI152 standard space. Next, we individually transformed FA images and averaged them to produce a mean FA of the group to produce a group skeleton. The group skeleton was generated by extracting the medial axis of white matter fiber-tracts common to all subjects (the mean FA skeleton was thresholded at 0.2 to exclude voxels containing gray matter or cerebrospinal fluid).
Statistical analyses
Structural equation modeling (SEM) was used to examine the relations among latent constructs representing physical activity, D 2/3 DR BP ND , and cognitive abilities. The major advantage of using structural equation modeling in this study is that we were able to model the interindividual variance in each cognitive ability as common variance across tests, setting it apart from test-specific variance and measurement error. We defined one latent factor for each of the three cognitive abilities (working memory, episodic memory, and processing speed) as indicated by the three tests per ability. Similarly, we estimated the variance in D 2/ 3 DR binding potential in each of the ROIs as common variance across hemispheres, apart from hemisphere-specific variance. That is, the left and right regions of interests were used as indicators of the latent factors for D 2/3 DR BP ND (caudate, putamen, PFC, and hippocampus). Finally, we estimated the common variance across the intensity ratings for walking, bicycling, jogging, strength training, and sports in a latent intensity factor, apart from activity-specific variance in intensity ratings. In so doing, we obtained a latent measure of the tendency to rate physical activities as intense/demanding. Physical activity frequency (the total hrs/week a participant reported to engage in the abovementioned activities) was analyzed as an observed variable. All latent variables and the observed physical activity variable (hrs/week) were included in one model and allowed to covary with one another (Fig. 1) . To statistically control for the influence of age, education, and sex, these variables were always included as predictors of all latent variables and physical activity frequency (Table 3) .
For the latent physical activity intensity factor, we included only ratings from individuals who performed a given activity at least 1 h/ week. The rationale behind this was that the ratings for regular activities would more reliably describe the participants' experience compared to those for irregular/rare activities. Further, activities performed weekly or more often are probably voluntary, so that the ratings of their intensity/ demand likely reflect how intensely a person engages in a given activity rather than difficulty in performing the activity. Note that this approach resulted in a large proportion of missing values in the rating data. In the estimation of the structural equation model parameters, we used the WLSMV (weighted least squares with correction for means and variances) estimator in Mplus (Muth en & Muth en, 1998 . Missingness in outcome variables that can be predicted by variables in the model is accounted for in this approach (Muth en & Muth en, 1998 . Associations between outcome variables are then based on pairwise present data in a second step (Asparouhov and Muth en, 2010) . As the intensity ratings for the four activities of interest were positively skewed, due to the fact that several participants rated many of the activities as "not at all demanding" (Table 1) , and given that they were on a Likert scale with not more than 5 points, we treated them as ordinal variables and employed the WLSMV estimator in all SEM analyses. This estimator has been suggested as the best estimate in confirmatory factor analysis with ordinal variables as indicators (T. Brown, 2006) .
Model fit was deemed acceptable if RMSEA < 0.05 and CFI > 0.94. To statistically test single parameters in the model, we applied chi-square difference testing using the DIFFTEST-function in Mplus (Muth en & Muth en, 1998 . We specified a nested model for each parameter of interest in which we restricted this parameter to zero and tested whether model fit, as indicated by the chi-square (χ 2 ) value would worsen significantly. If the difference in chi-square (Δχ 2 ) is significant, as indicated by a chi-square test with as many degrees of freedom as parameters are fixed in the nested model, the fixed parameter is considered significant. An alpha level of p < .05 was adopted.
Results
The three-factor model for cognitive performance with the factors episodic memory, working memory, and processing speed fit the data well (CFI ¼ 0.952; RMSEA ¼ 0.0722; SRMR ¼ 0.042), so that we considered it a suitable representation the covariance structure in the cognitive test results (Fig. 3) , despite some heterogeneity in the loadings (Fig. 1) . The factor model for D 2/3 DR BP ND in caudate, putamen, PFC, and hippocampus did also fit the data well (CFI ¼ 0.96; RMSEA ¼ 0.093; SRMR ¼ 0.03), with consistently high loadings of indicators (Figs. 1 and  3 ). The factor model for intensity ratings (analyzed as ordinal variables, fitted with the WLSMV estimator in Mplus) was an acceptable representation of the data (CFI ¼ 0.996; RMSEA ¼ 0.123). For zero-order correlations among the variables see Fig. 3 .
Frequency of physical activity as indicated by the sum of hours per week in the five most commonly reported purely physical activities (walking, bicycling, jogging, strength training, or sports) was unrelated to episodic memory, working memory, and speed, as well as to D 2/3 DR BP ND across ROIs (rs < j0.12j; Δχ 2 < 2.65; ps > .10). By contrast, the latent factor for intensity of physical activities was positively associated with episodic memory (r ¼ 0.30; Δχ 2 ¼ 11.05; df ¼ 1; p < .001; Fig. 2b df ¼ 1; p ¼ .27). Working memory and processing speed were unrelated to D 2/3 DR BP ND in all ROIs (rs < j0.11j; ps > .20). Expectedly, the three cognitive abilities were related to one another (all rs > 0.23; ps < .01; Fig. 1 ), as was D 2/3 DR BP ND in the three ROIs (all rs > 0.21; ps < .01; Fig. 1 ). Frequency of physical activities was unrelated to the intensity factor (r ¼ À0.05; Δχ 2 ¼ 0.39; df ¼ 1; p ¼ .54).
To check for effects of third variables, we next included a number of potentially confounding variables one-by-one as covariates: frequency of mental activities, frequency of social activities, retirement status, number of grandchildren, time of year (winter/summer), as these variables could potentially influence the accuracy of activity ratings and reported frequency which should all refer to a typical summer week, and might also be associated with cognitive performance. Further, hypertension, and body-mass index (BMI), which also could be related to both physical activity and cognitive performance (for descriptives of these variables, see Table 4 , for their associations among each other and with the variables of interest, see Fig. 3 ). We report any change in r that is greater than 0.02 (arbitrary threshold). Including frequency of social activities in the model slightly attenuated the association between episodic memory and physical activity intensity, but the association remained significant (adjusted model: r ¼ 0.24, Δχ 2 ¼ 7.38; df ¼ 1; p < .006). Being retired, number of grandchildren, hypertension (i.e. diastolic blood pressure >90 or systolic blood pressure >140; Chobanian et al., 2003) , and BMI did not substantially affect the associations. In further control analyses, we checked whether the main results hold after adjusting for total intracranial volume (TIV) and grey-matter volume in caudate, putamen, frontal cortex and hippocampus (adjusted for TIV), respectively. Adding regional volumes attenuated the correlations between episodic memory and physical activity intensity (adjusted Fig. 1 . Structural equation model describing the associations among self-reported frequency and intensity of physical activities, D 2/3 DR BP ND (hippocampus, prefrontal cortex/PFC, caudate, putamen), working memory, episodic memory, and perceptual speed. All latent variables are adjusted for age, sex, and education (covariates in the SEM but not shown here; Table 3 ). All parameter estimates are standardized. Dashed lines: not significant at p < .05; bold lines: significant at p < .05. RMSEA: root mean square of approximation. CFI: comparative fit index. * p < .05; ** p < .01; *** p < .001. Note. Non-standardized regression estimates from structural equation model ( Fig. 1) df ¼ 1; p < .0001). To note, none of the associations that previously were significant became non-significant, and none of the previously nonsignificant associations became significant, at a level of alpha ¼ .05. We did also include cerebral blood flow, because it has previously been related to fitness and to episodic memory (e.g. Maass et al., 2015) . We included blood flow in hippocampus, caudate, and putamen, and frontal cortex all at once. Adding these four blood flow variables slightly attenuated the association between physical activity intensity and episodic memory, but the correlation remained significant (adjusted model r ¼ 0. 
We also included white-matter microstructure (FA along the entire skeleton), because white-matter microstructure has been related to habitual physical activity (Burzynska et al., 2014; Voss et al., 2013) and to memory (Charlton et al., 2013; Madden et al., 2012) in old age. However, including FA did only slightly strengthen the association between working memory and physical activity intensity (adjusted model r ¼ 0.46; Δχ 2 ¼ 22.22; df ¼ 1; p < .0001), and thus not largely alter the results. For zero-order correlations among all control variables and variables of interest, please see Fig. 3 . In summary, the associations of physical activity intensity with episodic memory, working memory, and caudate BP ND , as well as between episodic memory and caudate D 2/3 DR BP ND (Fig. 1) were quite robust against potential confounders.
Discussion
In a study with 178 participants in their mid-60s, we observed positive associations among self-reported intensity of physical activity, D 2/ 3 DR availability in the caudate nucleus, and episodic memory. In line with animal studies showing involvement of D 2/3 DRs in memory consolidation (K. N. Lee and Chirwa, 2015; Manago et al., 2009 ), we recently reported that D 2/3 DR availability is related to episodic memory in this data set . The association between physical activity and episodic memory is in line with previous studies (e.g. Ferencz et al., 2014; Fl€ oel et al., 2010; Ruscheweyh et al., 2011) , as is the association between physical activity intensity and working memory Erickson and Kramer, 2009; Voss et al., 2010) . Processing speed was not associated with any of the physical activity measures, although some observational and intervention studies suggest such a link (Chang et al., 2013; Nouchi et al., 2014; P. J. Smith et al., 2010; Willey et al., 2016 ; but see Young et al., 2015) . Most interestingly, we observed an association between reported intensity of habitual physical activity and D 2/3 DR availability. An association between physical activity and dopamine receptor availability has not yet been reported in healthy human participants but is consistent with findings from animal models (Eddy et al., 2014; Gilliam et al., 1984; MacRae et al., 1987) and from an exercise intervention study in methamphetamine users (Robertson et al., 2016) .
The finding that physical activity intensity, independently of frequency, was positively related to cognitive performance is in accordance with results from a few other cross-sectional (Angevaren et al., 2007; B. M. Brown et al., 2012) and longitudinal (Angevaren et al., 2010; van Gelder et al., 2004) studies in older adults which separated intensity and frequency of physical activity. In two cross-sectional studies, intensity of physical activity was positively related to cognition (Angevaren et al., 2007; B. M. Brown et al., 2012) , and one longitudinal study revealed positive change-change relationships of physical activity intensity to processing speed and fluency in 45-to-75-year old participants over 5 years (Angevaren et al., 2010) , another in 70-to-90-year old male participants across a period of 10 years (van Gelder et al., 2004) . Thus, the extant literature indicates that individuals with higher cognitive performance performed physical activities with higher intensity (Angevaren et al., 2007; B. M. Brown et al., 2012) and that individuals who dropped less in cognitive performance than others tend to maintain the intensity level of their chosen activities (Angevaren et al., 2010; van Gelder et al., Fig. 2 . Scatterplot A illustrates the relationship between mean caudate D 2/3 DR BP ND and a unit-weighted mean episodic memory score. Scatterplots B and C show the associations of median physical activity intensity to (B) episodic memory, and (C) caudate D 2/3 DR BP ND . All variables refer to residuals after regressing out the effects of age, sex, and education. Line: predicted values from linear regression of y on x; grey area: 95% confidence interval based on standard errors of prediction.
2004). Note, however, that our intensity measure deviates from the measures used in most other studies. We did not assign intensity values to each activity, but focused rather on the subjective intensity of activities in which participants engaged in at least 1 h a week. The subjective intensity ratings were combined across activities in a latent score to reflect the general tendency of a person to engage more or less vigorously in his or her physical activities. In a different study, the mean score of these intensity ratings was strongly related to the vigorous activity score from the validated IPAQ questionnaire (Craig et al., 2003 ). An advantage of subjective measures is that they take inter-individual differences in predispositions into account. Imagine two persons who both walk 3 h per week and cycle 1 h per week (same frequency values). Whereas one person is physically fit and walks briskly and cycles fast, the other person is less fit and walks and cycles rather slowly. Still, in their subjective intensity ratings, they both might rate the activities as somewhat demanding, because both individuals engage in them in a way that challenges them to some degree. The fitter person is then challenged at a more intense level of activity and the less fit person at a less intense level. Thus, subjective intensity is likely confounded with physical fitness or capacity, but does also likely reflect the degree to which an individual physically challenges him-or herself. Note that more direct measures of physical activity intensity are often also measured in relation to a person's capacity (e.g. heart rate in percent of maximum heart rate), to take individual differences in capacity into account.
We did not find any association between frequency of physical activity and cognition, although such a link has been reported in other observational studies (Ahlskog et al., 2011; Bauman et al., 2011; Blondell et al., 2014; Prakash et al., 2015; Sofi et al., 2011) . Likewise, we did not observe an association between physical activity frequency and D 2/3 DR availability (Lin and Kuo, 2013) . This may be due to the quite high frequency with which our participants engaged in some of the activities, such as walking and cycling. For instance, 87,7% of the participants Fig. 3 . Zero-order correlations among all control variables and variables of interest. Only correlations that were significant (p < .05) are marked with a colored background with the color corresponding to the direction and color saturation to the strength of the correlation. cycled at least 1 h/week. Umeå is a town where people often walk for errands and cycle for transportation purposes. Thus, inter-individual differences in physical activities might mainly lie in the intensity with which people engage in their activities, not in the frequency. That is, it is not whether or not, but rather the way in which people are physically active that matters in this sample from a northern Swedish population. Note also that our participants are just at retirement age, and thus, many of them have the time and physical fitness necessary for a physically active lifestyle. Therefore, variance in frequency might characterize differences in physical activity less than variance in intensity in this population.
Not only episodic memory, but also working memory was related to the intensity of physical activity. However, working memory showed no association with D2/3DR availability in the present sample . A latent class analysis on the same data (L€ ovd en et al., 2017) set out to identify clusters of participants in an unsupervised way based on their performance in episodic memory, working memory, processing speed, D2/3 receptor binding potential in striatum, hippocampus, and cortex. This analysis resulted in 3 classes. The largest class was characterized by relatively high values in all variables, the second largest class by low values in all variables. Thus, across these two classes of participants, working memory (and episodic memory and processing speed) was positively related to D2/3 receptor binding potential across regions. However, the third subclass of participants (n ¼ 40) was characterized by high binding potential and poor cognitive performance, especially poor working memory performance. Interestingly, on a range of covariates, this third class differed from the other two in education (lower) and BMI (higher) and it differed from first class in the intensity ratings for physical activities (lower) (L€ ovd en et al., 2017) . Thus, the latent class analysis suggested complex non-linear associations between D2/3DR availability and working memory, and suggested that the sample might be heterogeneous in the interrelations of physical activity, cognition, and D2/3DR availability.
The question of whether physical activity increases D 2/3 DR availability or whether higher D 2/3 DR availability leads to more intense physical activity remains unanswered. Mechanisms for both directions of causal influence have been proposed. When it comes to effects of physical activity on DA functioning, animal studies have documented that exercise alleviates or reverses the effects of experimentally induced DA deficiency or depletion by preserving DA neurons in striatum and substantia nigra through increased expression of D 2/3 DR (e.g. Fisher et al., 2004; Vuckovic et al., 2010) and down-regulation of DA transporter proteins (Fisher et al., 2004; Petzinger et al., 2007) , by expression of mitochondrial biogenesis and enzymatic antioxidant defenses (Aguiar et al., 2016) , and by increasing dendritic spine density and arborisation (Toy et al., 2014 , for review see Petzinger et al., 2013) . Others have suggested a pathway via calcium-level regulation (Sutoo and Akiyama, 2003) . According to this view, physical exercise induces acidity in the blood, on which parathyroid calcium metabolic hormones act to increase calcium levels in the blood, using calcium stored in the bones. Calcium may then be transported to the brain and enhance DA synthesis through a calmodulin-dependent system, which in turn normalizes disrupted DA-dependent brain functions in animal models of epilepsy and hypertension (Sutoo and Akiyama, 2003) . Moreover, DA is involved in a number of mechanisms of cognition-related brain plasticity, such as synaptic plasticity and expression of neurotrophins, which may be enhanced by physical activity. Regarding synaptic plasticity, DA is involved in both long-term depression (Chen et al., 1996) and long-term potentiation (Frey et al., 1990; Lisman et al., 2011) in C1 neurons in hippocampus, which fits with the association between hippocampus D 2/3 DR availability and episodic memory , but since hippocampus D2/3DR availability was not directly related to physical activity in the present study, this link might be less related to physical activity.
The link between D 2/3 DR availability and physical activity intensity may also reflect the fact that persons with higher dopamine system integrity are prone to engage in physical activity with higher intensity. DA is crucial for motivational processes and movement initiation (see Schultz, 2007, for review) . Rodents that are selectively bred for higher levels of wheel-running behaviour also show higher concentrations of DA and stronger exercise-induced elevations of DA in the nucleus accumbens than their more sedentary counterparts (Mathes et al., 2010) . Mice given a D 2/3 DR antagonist lose their natural preference of wheel-running over sucrose consumption (Correa et al., 2016) . D 2 DR knockdown mice, fed with obesity-inducing diet and placed in an enriched environment, engaged less in voluntary exercise, spent less energy, and gained more weight than their wild-type counterparts with the same diet and environment (Beeler et al., 2016) . This suggests that the ability to express D 2 DR enabled the wild-type mice to take advantage of the enriched environment by engaging in physical activity. Another study demonstrated that obese mice had lower D 2/3 DR binding of [ 3 H]spiperone in striatum than their lean counterparts, and that the obese mice moved less than the lean mice and showed disrupted movement-related firing patterns in striatum (Friend et al., 2016) . In an animal motivation model, high tonic DA levels in nucleus accumbens lead to more vigorous responding, akin to intensity (Niv et al., 2007) , and a similar effect of striatal DA has been suggested also in humans (Jonasson et al., 2014) . In humans, a polymorphism in the D 2/3 DR gene has been related to levels of habitual physical activity in women (Simonen et al., 2003) , suggesting that genetically determined individual differences in D 2/3 DR expression might result in differences in physical activity engagement. Taken together, these examples suggest that inter-individual differences in D 2/3 DR availability could explain inter-individual differences in physical activity engagement, including differences in how vigorously individuals engage in physical activity. Longitudinal studies or large-scale interventions in humans are needed to answer questions as to whether DA functioning is a cause of physical activity, an effect thereof, or both. Further, the dose-response relationship between physical activity (intensity or frequency) and cognitive performance needs further exploration (Prakash et al., 2015) . Another caution to keep in mind is that [
11 C]raclopride can be displaced by endogenous DA at its target receptors (Ginovart, 2005; Ross and Jackson, 1989; Seeman et al., 1989) . Consequently, binding potential, or D 2/3 DR availability, not only reflects receptor density and affinity, but is also affected by endogenous DA levels. Further, it has been argued that D2/3DR-specific raclopride binding is only interpretable in striatum. The absolute values for binding potential in hippocampus and PFC that we observed were indeed smaller than those in striatum. Nevertheless, they were reliably above zero, which means that there was more binding in hippocampus and PFC than in the reference region cerebellum. Note that the standard deviations around the mean BPND values in hippocampus and PFC are relatively small, so that the means differ from zero by 4.25-5.25 standard deviations (Table 1) . That is, we measure these relatively low values with high precision. In addition, the inter-individual differences in these variables do show sensible associations with other variables, which indicates that there are not merely noise or measurement error. Not only the reported associations in the present article, but also the associations found between hippocampal BPND and episodic memory , and, in large subgroups of participants, with associations with working memory and functional and structural connectivity (L€ ovd en et al., 2017; Salami et al., 2018 ) support this view. Of course, high precision or low variance does not safeguard against bias. However, as similar mean differences between striatum and cortex/hippocampus were found in human post-mortem Bmax data (Hall et al., 1994) , it seems reasonable to assume that the relatively low BP values in hippocampus and PFC reflect relatively low D2/3DR density. Competitive assay experiments comparing striatal and neocortical tissue in rhesus monkeys (Lidow et al., 1989) have documented, for both striatal and extrastriatal regions, that raclopride is a potent and selective D2/3 ligand, which can be displaced from its binding sites by D2/3-selective drugs. Whether the effect is totally attributable to binding at postsynaptic D2/3DR's is unclear, as raclopride also binds to presynaptic autoreceptors on dopaminergic neurons. Autoreceptors play an important regulatory role in DA signalling, with consequences for locomotion and reinforcement-driven behaviour (Ford, 2014) . Certainly, whether we partly measure presynaptic binding may have implications for the possible interpretation of the mechanisms involved, such as synaptic plasticity, about which we now can only speculate. For example, a rodent study suggests that pre-synaptic D2DRs are crucial for long-term depression and involved in long-term potentiation (Rocchetti et al., 2015) . However, there are considerably fewer presynaptic than postsynaptic D2 receptors (Ford, 2014 ) and thus binding potential should mainly reflect binding to post-synaptic D2/3 receptors. Another limitation of these data is that physical activity frequency and intensity measures are based on self-reports, which can be subject to recall bias and social desirability.
In summary, this study is the first to demonstrate an association between physical activity and D 2/3 DR availability in a large sample of participants. We observed that subjective intensity of physical activity was related to D 2/3 DR availability in the caudate nucleus and to episodic memory performance, which in turn was related to D 2/3 DR availability in the same striatal subregion. Considering the extant literature, we conclude that D 2/3 DR in the caudate nucleus is a potentially important player in accounting for the influence of physical activity on episodic memory, or that DA activity in the caudate is involved in motivation to engage in physical activity, which might in turn benefit cognition. Both causal pathways seem plausible and not mutually exclusive.
